Introduction
were largely overlapping across scanners (Figure 1 ). To account for challenges associated 157 with multisite imaging of children, an optimized imaging protocol was implemented across 158 vendors and models to obtain similar contrast properties and image-derived quantitative 159 measures (Jernigan et al., 2016) . The protocol included a 3D T1w inversion prepared RF- and voxel sizes ranging from ≈ 0.9-1.2mm 3 . 163 Imaging processing was performed using the three step Human Connectome Project 164 (HCP) pipeline (Matthew F. Glasser et al., 2013) . In short, the "PreFreeSurfer" stage produces 165 an undistorted native structural volume space, aligns the T1w and T2w image, performs bias 166 field correction, and registers the native-to MNI space. Based on FreeSurfer version 6, the 167 "FreeSurfer" stage performs volume segmentation, white and pial surface reconstruction, and 168 standard surface registration to fsaverage. Due to some cases exhibiting large cortical 169 thickness and T1w/T2w ratio discrepancies between the left and right hemisphere following 170 the default pipeline, we removed the t2pial flag within autorecon3. The "PostFreeSurfer" 171 stage produces NIFTI volume-and GIFTI surface files, registers surfaces to the HCP 172 standard_fs_LR mesh", and creates the final brain masks and T1w/T2w ratio maps (Matthew 173 F. Glasser et al., 2013) .
175
T1w/T2w ratio maps 176 The creation of T1w/T2w ratio maps was based on methods described by M. F. Glasser and 177 Van Essen (2011) . A volume-to-surface mapping algorithm was applied to all voxel centers 178 located within the cortical ribbon to achieve image division. For each vertex within the HCP 179 pipeline surface "midthickness", ribbon voxels were selected within a cylinder centered on the 180 vertex, orthogonal to the surface, and with a height and radius equal to the local cortical thickness. To remove voxels with significant blood vessel-and CSF partial voluming effects, 182 voxels were excluded if the T1w/T2w value exceeds ±1 SD of all values within the cortical 183 ribbon. The remaining ribbon voxels were then averaged following a Gaussian weighted 184 function to produce a single value for each vertex, while the medial wall was assigned values Quality assessment of imaging data 190 We performed extensive quality assessment as multisite projects inevitably creates 191 inconsistencies and since in-scanner head motion is more frequent in younger subjects. For 192 subjects with both T1w and T2w data of sufficient resolution, all NIFTI images were 193 processed through the quality assessment pipeline MRIQC (Esteban et al., 2017) . After visual 194 inspection, flagged subjects were either included, tagged for detailed re-assessment after 195 T1w/T2w ratio map creation, or excluded due to poor image quality when there was no option 196 to replace the image with another satisfactory run. The remaining subjects were subsequently 197 processed through the HCP pipeline (Matthew F. Glasser et al., 2013) . Finally, we visually 198 inspected all T1w/T2w ratio maps and excluded subjects with poor maps. Bauer, et al., 2013; Weintraub, Dikmen, et al., 2013) which includes seven 203 different tasks, designed to measure eight diverse cognitive abilities (Table 2) . Test order was 204 standardized across participants, and eight sum scores were calculated as described elsewhere 205 (Akshoomoff et al., 2014) . Due to missing cognitive data on specific tests, we imputed 78 206 sum score values in total, from 63 subjects in R, using the "mice" package (Buuren & 207 Groothuis-Oudshoorn, 2011), with the default of 5 multiple imputations, and choosing the 208 first imputation. As expected, there were high correlations between all sum scores and age 209 (Pearson's r ranging from 0.63 to 0.82), and we therefore residualized sum scores by linear T1w/T2w ratio, covarying for sex and scanner. Second, we tested for main effects of sex on 222 vertex-wise T1w/T2w ratio, covarying for linear and quadratic age and scanner, and then for 223 interaction effects between sex and age, with main effect of sex as an additional covariate.
224
Third, we performed vertex-wise analyses to assess the effects of general cognitive ability, as 225 well as each of the eight specific sum scores, on vertex-wise T1w/T2w ratio, with sex, linear 226 and quadratic age, sex*age and scanner as co-variates. Finally, we examined interaction 227 effects between age and general cognitive ability on T1w/T2w ratio, with sex, linear and T1w/T2w ratio, indicating higher ratio in widespread regions with higher age when 252 controlling for sex ( Figure 4 ). There was a general posterior to anterior gradient in association 253 strength, with highest mean t-statistics found in precentral, caudal middle frontal, pars 254 triangularis, and postcentral regions within the left hemisphere, and rostal middle frontal, 255 caudal middle frontal, precentral, and paracentral regions within the right hemisphere (Table   256 3). Sub-regions within the medial occipital lobe and minor medial parietal and frontal regions 257 did not show significant age associations.
258
There were no statistically significant associations between T1w/T2w ratio and 259 quadratic age, controlling for linear age and sex. Corresponding with our vertex-wise results, 260 ROI-based plots with non-parametric loess curves showed steady increases of T1w/T2w ratio 261 with higher age ( Figure 5 ). indicates that lower T1w/T2w ratio was associated with better cognitive performance.
278
Strongest negative associations were found in pars orbitalis, pars triangularis, temporal pole 279 and caudal middle frontal regions in the left hemisphere, and pars orbitalis, inferior parietal, 280 precentral and supra marginal regions in the right hemisphere (Table 3) .
281
Permutation testing revealed no significant interaction effects between general 282 cognitive ability and age on T1w/T2w ratio. Corresponding with our vertex-wise results, ROI-283 based plots indicated that higher general cognitive ability was associated with regionally 284 lower T1w/T2w ratio across the age-range ( Figure 9 ). Moreover, 5 specific cognitive sum 285 scores yielded regional negative associations with T1wT2w ratio, with varying cluster The cerebral cortex is the center for most of our evolutionarily unique cognitive abilities 300 (Geschwind & Rakic, 2013) , and its maturation is therefore an essential part of human brain 301 development, underpinning major environmental adaptations and vast cognitive 302 improvements (Casey et al., 2005) . In a large sample of youths aged 3-21 years we found a 303 global age-related increase of T1w/T2w ratio across the brain surface, with some regional and 304 sex related variation. Intriguingly, across individuals, T1w/T2w ratio was inversely associated 305 with general and several specific cognitive abilities, mainly in anterior cortical regions.
306
The first goal of the present study was to investigate associations between T1w/T2w 307 ratio and age. As hypothesized, we found a near global positive association, with a continuous 308 age-related increase of T1w/T2w ratio from early childhood and into young adulthood. Our 309 results converge with the few prior studies on T1w/T2w ratio in children, adolescents and 310 young adults (Håkon Grydeland et al., 2013; Shafee et al., 2015) . Grydeland et al. (2013) 311 reported that for their youngest age group, consisting of 8 to 19 year old subjects, there was a 312 positive linear association between T1w/T2w ratio and age across large portions of the 313 cerebral cortex, with strongest association in posterior frontal, parietal, and temporal cortices. 314 We too found our strongest associations in posterior frontal regions extending into parietal of the same data, yielded a similar sex-age interactional pattern to the one reported in the current study, within right angular gyrus. Therefore, future longitudinal studies on T1w/T2w 332 ratio are needed for more direct investigations.
333
Few previous studies have explored the behavioral and cognitive relevance of 334 T1w/T2w ratio during development. We found a negative association between T1w/T2w ratio 335 and general cognitive ability, mainly in anterior regions. We also found corresponding 336 associations regarding both direction and cumulative regional extension between T1w/T2w 337 ratio and the specific cognitive abilities: inhibition, attention, reading, vocabulary and 338 working memory. We did not find an interaction between cognitive ability and age on 339 T1w/T2w ratio. Intriguingly, this indicates that beyond developmental improvements, 
375
We did not find associations between T1w/T2w ratio and age in sub regions of medial 376 occipital lobe and minor medial parietal and frontal regions, which was unexpected. This 377 could be explained by our removal of the t2pial flag during the HCP pipeline, which when 378 employed additionally uses the T2 image for pial surface estimation. As described, this 379 removal was done to correct for sizable hemispheric differences induced in both thickness and 380 T1w/T2w ratio values, possibly due to sequence or resolution differences as compared to the 381 HCP standard. After careful visual inspection for the T1w and T2w image separately, we 382 suspect that pial estimation within these regions was hampered by inclusion of dura in the 383 T1w image alone, resulting in underestimation of T1w/T2w ratio values. Other study 384 limitations include the cross-sectional design, which is a sub-optimal and indirect way to 385 investigate maturation and development. Moreover, imaging data was attained on several 386 different scanners, and although statistically controlled for in all analyses, this will still most 387 likely confound variables of interest.
388
To conclude, our results indicated that cortical T1w/T2w ratio almost globally 389 increases from early childhood until young adulthood, corresponding with established 390 maturational patterns of intracortical myelination. We also found that T1w/T2w ratio was ROIs, and the mean t-statistic within each region for the association between T1w/T2w ratio and age, 656 age*sex and general cognitive ability within left and right hemisphere separately. 657 Figure 9 . Visualizations of T1w/T2w ratio versus age, color coded by general cognitive ability. The 703 plots depict age plotted against mean T1w/T2w ratio within frontal regions, chosen based on the the 704 highest regional mean t-statistics, with data points and smooth splines color coded by general cogntive 705 ability, resulting in 4 equal qunatiles with worst (yellow) to best (blue) cognitive performers. 706
T1w/T2w ratio is sex and scanner residualized, while general cognitive performance is residualized by 707 linear and quadratic age. 708 
